Objective: Osteoprotegerin (OPG) strongly inhibits bone resorption and may also serve as a vascular calcification inhibitor. However, recent studies have indicated that high plasma OPG is a strong predictor of cardiovascular disease (CVD) and mortality. To evaluate this capability, the data concerning OPG as a CVD predictor was gathered through a systematic literature review. Design and methods: Studies investigating OPG as a predictor of CVD or mortality were extracted from Medline and the Cochrane Library, retrieving 187 articles. Non-relevant articles were excluded, resulting in a total of 45 articles. After thorough evaluation of the abstracts, only eight prospective studies containing a follow-up period with a clinical emphasis on CVD were eligible for the literature review.
Introduction
Osteoprotegerin (OPG) is a glycoprotein first described in 1997 by Simonet et al. (1) , who named the protein due to its apparent capacity to protect bone. It is produced in many different tissues, including bone, vasculature (2) , heart, lung, kidney, and placenta (1) , and also circulates in plasma, although the concentration here is much lower than in bone and arterial tissue (3, 4) . At present, there is no information about the predominant source of the circulating OPG. Studies have, however, identified vascular smooth muscle cells (VSMC) as a potential main arterial source of OPG, which can be released by, for example, heparin (5) . The route of elimination for the molecule is unknown, but a decline in kidney function has been found associated with increasing OPG levels (6) .
OPG serves as a soluble decoy receptor for two members of the tumor necrosis factor receptor superfamily: TNFSF11 and TNFSF10. As TNFSF11 stimulates bone resorption through induction of osteoclast differentiation and activation, the neutralization of TNFSF11 by OPG prevents bone resorption and bone loss. Consistently, OPG knockout mice have severe bone loss and multiple osteoporotic fractures (7) . This principle has recently inspired a new osteoporosis drug, denosumab, which is a MAB directed against TNFSF11. In addition, the majority of the OPG-deficient mice also develop medial calcifications of the renal arteries and the aorta (7) . Although it is still unclear whether these observations are secondary to severe osteoporosis in the knockout mice, the results initiated the idea of OPG as an inhibitor of vascular calcifications. Despite the high amounts of OPG found in the arterial wall and produced in VSMC, the exact function of OPG remains unknown. Somewhat in contrast to the idea of OPG as a vascular calcification inhibitor and therefore a protector of the arterial wall, a series of outcome studies have recently indicated that plasma OPG is a strong predictor of cardiovascular disease (CVD). Many studies have in a cross-sectional manner investigated the significance of OPG levels compared with known risk factors. Our initial aim was therefore to make a formal integration of the various studies in a meta-analysis. Unfortunately, the studies retrieved were so heterogeneous of design and composition that such type of analysis was not possible. Instead, a systematic literature review was conducted to gather the data from the prospective studies of OPG and prediction of CVD, and furthermore to see whether this is applicable to all populations. 
Materials and methods

Search strategy
Evaluation of articles
The focus of the articles along with the materials and methods used were evaluated in order to further extract the relevant articles for this survey. As shown in Fig. 1 , articles selected mainly consisted of bone-related studies, while other areas investigated included in vitro studies, odontology, and pharmaceutical aspects. The remaining articles were thoroughly read by both authors, extracting the papers fulfilling the following criteria: a prospective study of a well defined cohort with concise defined cardiovascular end points or mortality, and with a statistical evaluation of the correlation between these events and the measured OPG concentrations.
Results
The search resulted in retrieval of 187 articles. The amount of articles was diminished from the initial 187 to 45 as described in Materials and methods. Following the selection criteria described, a total of eight articles were at the end eligible for the review. The studies identified were heterogeneous in many aspects, including the population investigated, the outcome parameter and the OPG measurement technique as summarized in Table 1 .
Summary of prospective studies retrieved Browner 2001 (8) In this epidemiological study following 490 elderly women (!65 years) for 10 years, serum OPG concentrations were 30% higher in women with diabetes than in non-diabetic women. The relative risk of cardiovascular mortality was more than fourfold higher in the group with the highest quintile of serum OPG concentrations when adjusted for age, diabetes, hypertension, education, hormone replacement treatment, smoking, body mass index (BMI), lipids, and C-reactive protein (CRP).
Kiechl 2004 (9) Severity, initiation, and progression of atherosclerosis in the carotid arteries were assessed in a population-based study. Incident CVD and vascular mortality were recorded over a 10-year period. In multivariate analyses (adjusted for age, gender, diabetes, hypertension, social class, smoking, BMI, lipids, fibrinogen, diff. count, and ferritin), serum OPG remained significantly related to severity and 10-year progression of carotid atherosclerosis. Furthermore, a high level of serum OPG was an independent risk factor for incident CVD and vascular mortality, but not for mortality due to non-vascular causes.
Ueland 2004 (10)
A total of 234 patients with acute myocardial infarction (AMI) complicated with heart failure were followed for 27 months and adverse outcome during follow-up was noted. For hazard ratio (HR) assessment, the highest quartile was compared with the lowest after adjustment for age, diabetes, hypertension, smoking, creatinine clearance, prior AMI, and N-terminal pro-B-type natriuretic peptide. Elevated plasma OPG at baseline was found associated with adverse outcome and remained an independent prognostic indicator after adjustment for other known predictors of CV events and mortality.
Morena 2006 (11)
This study investigated the contribution of OPG, TNFSF11, and mineral metabolism disorders to outcome in hemodialysis patients. Out of 185 hemodialysis patients followed prospectively for 2 years, 50 patients died (27 from CVD). Elevated plasma OPG predicted all-cause and CV mortality when adjusted for age, gender, dialysis vintage, diabetes, hypertension, and smoking. The association of plasma OPG with all-cause mortality was stronger in patients with CRPR12.52 mg/l.
Anand 2006 (12)
In this study, 510 type 2 diabetic patients free of CV symptoms were evaluated by imaging of coronary arterial calcification (CAC) and markers such as hsCRP, IL-6, and plasma OPG. Patients were followed for 18G5 months. Plasma OPG was significantly elevated in patients with increased CAC and remained strongly associated with elevated CAC scores after adjustment for age, gender, and other risk factors. During follow-up, 16 CV events occurred, but in a multivariate model, CAC score was the only independent predictor of adverse events. Of the biomarkers studied, only plasma OPG predicted sub-clinical disease and near-term CV events. Cox plot for event-free survival showed a risk ratio of 5.76 (1.28-26) in the highest tertile compared with the lowest. Multivariate analysis was not performed.
Hjelmesaeth 2006 (13)
A total of 172 consecutive renal transplant recipients without diabetes were followed for 8 years. Mortality and CV death were compared with different markers, e.g., OPG (several weeks after transplantation). Patients with serum OPG levels in the upper quartile had significantly higher allcause mortality and CV death, and Cox regression analysis showed that high serum OPG levels remained an independent predictor of all-cause mortality and CV death. Multiple linear regression analysis revealed that age, creatinine clearance, and hsCRP all were independently associated with serum OPG.
Anand 2007 (14)
With a mean follow-up of 2.5G0.4 years, 398 type 2 diabetic subjects without prior coronary disease or symptoms (age 52G8 years) were evaluated serially by CAC imaging. Potential markers, including serum hsCRP, IL-6, and plasma OPG levels, were measured at baseline and at follow-up. Age, male gender, hypertension, baseline CAC, HbA1cO7, waisthip ratio, IL-6, OPG, use of b-blockers, calcium channel antagonists, angiotensin converting enzyme (ACE) inhibitors, statins, and Framingham/UKPDS (United Kingdom Prospective Diabetes Study) risk scores were univariable predictors of CAC progression. In the multivariate model, only baseline CAC, HbA1c, and use of statins were independent predictors of CAC progression.
Omland 2008 (15) Serum OPG was measured in 897 patients with acute coronary syndrome (71% men) and related to the incidence of death, heart failure hospitalizations, myocardial infarction, and stroke. A total of 261 patients died during a median followup of 89 months. Baseline OPG concentrations were strongly associated with increased long-term mortality, but weaker with recurrent MI. After adjustment for conventional risk markers (Troponin I, CRP, B-type natriuretic peptide, and ejection fraction), the association remained significant for mortality. 
Discussion
This systematic literature review was conducted to clarify the evidence for OPG as a predictor of CVD and mortality. As mentioned, the initial scope was to make a formal integration of the various studies in a meta-analysis, but as the studies retrieved were so heterogeneous of design and composition such a thorough analysis was not possible. Eight prospective studies were found and, as summarized in Table 1 , all studies except one indicate that OPG measurement does add important prognostic information to the existing markers of CVD and mortality. However, the one study that did not find OPG as an independent predictor only investigated CAC as an end point (14) , and the study can therefore not be credited for information concerning prediction of CVD and/or mortality as such. The authors of this study also published a similar study, but as the design was very different in the two studies (different score system, participants were further selected), a sheer comparison between the two studies was difficult. Of note, only one of all the studies was conducted in an apparently healthy cohort (9), and the results, in general, can therefore not per se be extrapolated to a random population. Despite the clear overweight of studies in favor of OPG as an independent CVD predictor, some of the following methodological problems need consideration.
Population issues
The cohorts in the retrieved studies differed in many ways, as some investigations were part of a diabetes study, while others were a population-based study, the information concerning the participants differed considerably and were not comparable. Also, some populations were followed for 10 years, while others only had a follow-up period of 18 months. Furthermore, age differed considerably varying from a mean of 47 (G16) to 72 (G5) years. This is important as OPG concentrations have been shown to keep a stable level until the age of 60 and 70 years in women and men respectively, after which it increases in both genders (16) . The distribution between genders and the difference in age therefore represents a factor of uncertainty in this comparison.
Analytical issues
As shown in Table 1 , OPG measurements were conducted with many different kits, and assays were constructed differently with use of different antibodies and calibrators. The reported mean OPG concentrations ranged from 220 to 3000 pg/ml, which could be due to analytical aspects, especially concerning calibration of the different assay kits, but it could also reflect differences in the inclusion criteria used. Furthermore, some studies were based on serum OPG measurements, while others measured plasma OPG. As OPG behaves differently in those two matrices (17) , results cannot be directly compared. Also, pre-analytical issues affecting the OPG concentration in samples such as enzymatic degradation, freeze-thaw and binding to other proteins still need thorough investigation to assure a correct and comparable measurement.
Statistical issues
Some of the studies did not apply multivariate analyses, so differences found could be due to other variables affecting the OPG concentration. Furthermore, the five studies using multiple regression analysis did not include identical risk factors, so, for example, some calculations could have included kidney function, CVD history, and acute phase reactants while others did not. As far as kidney function is concerned, this is important as previous studies have shown high correlations between serum OPG concentrations and creatinine (6) . The HRs reported emphasize the independent correlation between the OPG concentration and mortality with an overall HR between 1.3 and 11.2 for the highest quartiles in some studies, but the variance within each study was enormous. Unfortunately, none of the studies made a direct comparison of OPG with known biochemical risk markers to demonstrate a potential gain of predictive power, for example, by the comparison of receiver operating characteristics curves.
OPG in the arterial wall
High amounts of OPG is present in the arterial wall, and the concentration in extracts of human aorta has been found to be at least as high as in bone extracts and w1000 times higher than the plasma concentration (4). The molecule is distributed widely throughout the layers of the vessel wall, both in non-diseased and atherosclerotic areas (4, 18) . Also, the ligands of OPG, TNFSF11, and TNFSF10 are present in the vasculature, as demonstrated immunologically in both rodent (19) and human arteries (20) , although the expression level is lower than OPG. Most OPG in the vasculature is believed to derive locally, since vascular cells produce OPG. Several studies have shown that VSMC produce very high amounts of the molecule and that the production can be regulated by several factors like tumor necrosis factor-a, IL-1, and insulin. In addition, induction of calcifications in VSMC in vitro downregulates OPG expression. Endothelial cells do also produce OPG, however, in quiescent states at much lower rates (5) . With very high OPG concentrations in the normal arterial wall, it is likely that the level of OPG in plasma to some degree reflect arterial content. It is moreover plausible that increased circulating levels may reflect injuries to the arterial wall, as for example seen in diabetes and in situations with widespread vascular calcifications (4, 20) , putatively as a result of the influence of pro-inflammatory molecules on arterial cells.
Relations to vascular calcifications and atherosclerosis
Not much is known about the functions of OPG in the arterial wall. Effects of OPG and its ligands have not been defined in VSMC, although it has been shown that OPG may act as a survival factor in endothelial cells. As mentioned, OPG is considered an inhibitor of vascular calcifications based on the observations by Bucay that OPG knockout mice develop vascular calcifications (7). This observation has been confirmed and extended by Orita et al., showing that the calcifications were exacerbated after feeding the animals with vitamin-D and phosphorus (21) . Also, it has been shown that the calcifications could be reduced, when osteoprotegerin was reintroduced by transgenic expression in the liver (19) . Of note, severe osteoporosis is known to induce arterial calcifications per se, probably initiated by circulating bone degradation products, and therefore it is important to acknowledge that a large part of the calcifications displayed in OPG knockout mice may be due to secondary effects (22) . A potential link between OPG and atherosclerosis has been studied in OPG knockout mice crossed with ApoE knockout mice, a well-known atherosclerosis model. Increased amounts of atherosclerosis were seen in the double knockout mice, indicating that OPG acts as an inhibitor of atherogenesis (23) . Interpretation of the results is again hampered by the effect of osteoporosis in the OPG K/K mice. In other experiments, exogenously injected OPG did not alter the amount of atherosclerosis in ApoE K/K mice (24), but interestingly injections of TNFSF10 in a model of atherosclerosis in animals with diabetes displayed augmented plaque development, maybe due to induction of apoptosis in cells participating in the build-up of the atherosclerotic plaque (25) . Thus, although the studies presented here indicate that the level of circulating OPG may serve as a potential marker of CVD risk, the roles of the molecule and its ligands in the arterial wall, especially in relation to atherosclerosis and calcifications are still not clear.
Perspectives
Plasma OPG is emerging as a strong and independent predictor of CVD in some situations. However, in order to better understand the significance of high plasma OPG concentrations, we need to understand more about the biology of the molecule in the arterial wall and more about the interaction of OPG with its ligands TNFSF11 and TNFSF10. Combined with prospective studies in different settings, especially in a healthy cohort, it will be possible to determine the capability of OPG as a CVD risk marker in a random population and, moreover, to understand whether functions related to OPG or its ligand may be targets for future interventions. Furthermore, studies of the influence of pharmacological treatment on OPG concentrations may give useful information regarding OPG as a putative CVD monitor. A few studies have tried to elucidate this (26) , but further studies in different populations treated with different pharmaceutical products are needed.
Conclusion
Evidence is gathering that plasma OPG concentrations are an important, independent predictor of CV mortality, at least in high-risk populations. Unfortunately, there are many methodological problems in aligning the studies assembled here, and a formal metaanalysis can therefore not be provided. Moreover, longitudinal studies in the general populations are needed before the use of plasma OPG can be evaluated in that context.
